Introduction {#Sec1}
============

Measurements of the top quark--antiquark pair cross section $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {t}\overline{\mathrm {t}}} $$\end{document}$ in proton--proton (pp) collisions provide important tests of the standard model (SM). At the CERN LHC, measurements with increasing precision have been performed by the ATLAS and CMS Collaborations in several different decay channels and at four pp collision energies \[[@CR1]--[@CR5]\]. Precise theoretical predictions of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {t}\overline{\mathrm {t}}} $$\end{document}$ have been performed in perturbative quantum chromodynamics (QCD) at next-to-next-to-leading order (NNLO) \[[@CR6]--[@CR9]\]. The calculations depend on several fundamental parameters: the top quark mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}}$$\end{document}$, the strong coupling constant $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S $$\end{document}$, and the parton distribution functions (PDFs) of the proton. The measurements of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {t}\overline{\mathrm {t}}} $$\end{document}$ have been used to determine the top quark pole mass \[[@CR1], [@CR4], [@CR10]--[@CR12]\], $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S $$\end{document}$  \[[@CR4], [@CR13]\], and the PDFs \[[@CR14]--[@CR17]\].
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                \begin{document}$$m_\mathrm {\mathrm {t}}$$\end{document}$ significantly affects the prediction for many observables, either directly or via radiative corrections. It is a key input to electroweak precision fits \[[@CR18]\] and, together with the value of the Higgs boson mass and $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S $$\end{document}$, it has direct implications on the SM predictions for the stability of the electroweak vacuum \[[@CR19]\]. In QCD calculations beyond leading order, $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}}$$\end{document}$ depends on the renormalization scheme. In the context of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {t}\overline{\mathrm {t}}} $$\end{document}$ predictions, the pole (on-shell) definition for the top quark mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\text {pole}}$$\end{document}$ has wide applications; however, it suffers from the renormalon problem that introduces a theoretical ambiguity in its definition. The minimal subtraction ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\overline{MS}}$$\end{document}$) renormalization scheme has been shown to have a faster convergence than other schemes \[[@CR20]\]. The relation between the pole and $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\overline{MS}}$$\end{document}$ masses is known to the four-loop level in QCD \[[@CR21]\]. Experimentally, the most precise measurements of the top quark mass are obtained in so-called direct measurements performed at the Tevatron and LHC \[[@CR22]--[@CR25]\]. Except for a few cases such as Ref. \[[@CR26]\], the measurements rely on Monte Carlo (MC) generators to provide the relation between the top quark mass and an experimental observable. Current MC generators implement matrix elements at leading or next-to-leading order (NLO), while higher orders are simulated through parton showering. Studies suggest that the top quark mass parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\mathrm {MC}}$$\end{document}$, as implemented in current MC generators, corresponds to $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\text {pole}}$$\end{document}$ to an uncertainty on the order of 1$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {Ge}\text {V}$$\end{document}$  \[[@CR27], [@CR28]\]. A theoretically well-defined mass can be determined by comparing the measured $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$ cross section to the fixed-order theoretical predictions \[[@CR1], [@CR4], [@CR10]--[@CR12]\].

With the exception of the quark masses, $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S $$\end{document}$ is the only free parameter in the QCD Lagrangian. While the renormalization group equation predicts the energy dependence of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S $$\end{document}$, i.e. it gives a functional form for $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S (Q)$$\end{document}$, where *Q* is the energy scale of the process, actual values of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S $$\end{document}$ can only be obtained from experimental data. By convention and to facilitate comparisons, $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S $$\end{document}$ values measured at different energy scales are typically evolved to $\documentclass[12pt]{minimal}
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                \begin{document}$$Q = m_\mathrm {\mathrm {Z}} $$\end{document}$, the mass of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {Z}$$\end{document}$ boson. The current world-average value for $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S (m_\mathrm {\mathrm {Z}})$$\end{document}$ is $\documentclass[12pt]{minimal}
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                \begin{document}$$0.1181 \pm 0.0011$$\end{document}$ \[[@CR29]\]. In spite of this relatively precise result, the uncertainty in $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S $$\end{document}$ still contributes significantly to many QCD predictions, including cross sections for top quark or Higgs boson production. Very few measurements allow $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S $$\end{document}$ to be tested at high *Q*, and the precision on the world-average value for $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S (Q)$$\end{document}$ is driven by low-*Q* measurements. A determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {t}\overline{\mathrm {t}}} $$\end{document}$ was used by the CMS Collaboration to extract the value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S (m_\mathrm {\mathrm {Z}})$$\end{document}$ at NNLO for the first time \[[@CR11]\]. In the prediction for $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {t}\overline{\mathrm {t}}} $$\end{document}$, $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S $$\end{document}$ appears not only in the expression for the parton-parton interaction but also in the QCD evolution of the PDFs. Varying the value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S (m_\mathrm {\mathrm {Z}})$$\end{document}$ in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {t}\overline{\mathrm {t}}} $$\end{document}$ calculation therefore requires a consistent modification of the PDFs. The full correlation between the gluon PDF, $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}}$$\end{document}$ in the prediction for $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {t}\overline{\mathrm {t}}} $$\end{document}$ has to be accounted for.

The analysis uses events in the dileptonic decay channels in which the two $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}$$\end{document}$ bosons from the electroweak decays of the two top quarks each produce an electron or a muon, leading to three event categories: $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\mu ^+}\mathrm {\mu ^-}$$\end{document}$, and $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {e}^+\mathrm {e}^-$$\end{document}$. The data set was recorded by CMS in 2016 at a centre-of-mass energy of 13$\documentclass[12pt]{minimal}
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                \begin{document}$$35.9{\,\text {fb}^{-1}} $$\end{document}$. The measurement is performed using a maximum-likelihood fit in which the sources of systematic uncertainty are treated as nuisance parameters. Distributions of observables are chosen as input to the fit so as to further constrain the uncertainties. The fitting procedure largely follows the approach of Ref. \[[@CR4]\]. In this analysis, the number of events is significantly larger than in previous data sets, thus providing tighter constraints. The dominant uncertainties come from the integrated luminosity and the efficiency to identify the two leptons. The correlation between the three decay channels is used to constrain the overall lepton identification uncertainty to that of the better-constrained lepton, which is the muon.

Experimentally, the measured value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {t}\overline{\mathrm {t}}} $$\end{document}$ has a residual dependence on the value of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\mathrm {MC}}$$\end{document}$ used in the simulation to estimate the detector efficiency and acceptance. In contrast, the experimental dependence of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S (m_\mathrm {\mathrm {Z}})$$\end{document}$ used in the simulation is negligible \[[@CR11]\]. For the extraction of a theoretically well-defined $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}}$$\end{document}$, the dependence of the cross section on the assumption of a $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\mathrm {MC}}$$\end{document}$ value can be reduced by including $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\mathrm {MC}}$$\end{document}$ as an additional free parameter in the fit \[[@CR30]\]. In this paper, the cross section $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {t}\overline{\mathrm {t}}} $$\end{document}$ is first measured for a fixed value of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\mathrm {MC}} = 172.5 \,\text {Ge}\text {V} $$\end{document}$, and then determined simultaneously with $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\mathrm {MC}}$$\end{document}$. In the simultaneous fit, input distributions sensitive to the top quark mass are introduced in order to constrain $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\mathrm {MC}}$$\end{document}$. For the measured parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\mathrm {MC}}$$\end{document}$, the same systematic uncertainties are taken into account as in Ref. \[[@CR31]\]. Finally, the measured value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {t}\overline{\mathrm {t}}} $$\end{document}$ at the experimentally constrained value of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}}$$\end{document}$, the pole mass scheme is also considered.

The paper is structured as follows. After a brief description of the CMS experiment and the MC event generators in Sect. [2](#Sec2){ref-type="sec"}, the event selection is presented in Sect. [3](#Sec3){ref-type="sec"}. The event categories and the maximum-likelihood fit are explained in Sect. [4](#Sec4){ref-type="sec"}. The systematic uncertainties in the measurement are discussed in Sect. [5](#Sec5){ref-type="sec"}. The result of the cross section measurement at a fixed value of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\mathrm {MC}} = 172.5 \,\text {Ge}\text {V} $$\end{document}$ is presented in Sect. [6](#Sec6){ref-type="sec"}, and the simultaneous measurement of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {\mathrm {t}} ^{\mathrm {MC}}$$\end{document}$ is presented in Sect. [7](#Sec7){ref-type="sec"}. The extraction of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\overline{MS}}$$\end{document}$ scheme and the top quark pole mass are described in Sects. [8](#Sec8){ref-type="sec"} and [9](#Sec9){ref-type="sec"}, respectively, and a summary is given in Sect. [10](#Sec10){ref-type="sec"}.

The CMS detector and Monte Carlo simulation {#Sec2}
===========================================

The central feature of the CMS apparatus \[[@CR32]\] is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {m}$$\end{document}$ internal diameter, providing a magnetic field of 3.8$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {T}$$\end{document}$. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron calorimeter, each composed of a barrel and two endcap sections. These are used to identify electrons, photons, and jets. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. The detector is nearly hermetic, providing reliable measurement of the momentum imbalance in the plane transverse to the beams. A two-level trigger system selects interesting events for offline analysis \[[@CR33]\]. A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR32]\].
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To model the effect of additional pp interactions within the same or nearby bunch crossing (pileup), simulated minimum bias interactions are added to the simulated data. Events in the simulation are then weighted to reproduce the pileup distribution in the data, which is estimated from the measured bunch-to-bunch instantaneous luminosity, assuming a total inelastic pp cross section of 69.2$\documentclass[12pt]{minimal}
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Event selection {#Sec3}
===============

Events with at least two leptons (electron or muon) of opposite charge are selected. In events with more than two leptons, the two leptons of opposite charge with the highest $\documentclass[12pt]{minimal}
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A combination of single and dilepton triggers is used to collect the events. Each event is required to pass at least one of the triggers described below. Events in the $\documentclass[12pt]{minimal}
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The particle-flow (PF) algorithm aims to reconstruct and identify each individual particle in an event, and to form PF candidates by combining information from the various components of the CMS detector \[[@CR54]\]. The reconstructed vertex with the largest value of summed physics-object $\documentclass[12pt]{minimal}
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Electron and muon candidates are identified through their specific signatures in the detector \[[@CR55], [@CR56]\]. Lepton candidates are required to have $\documentclass[12pt]{minimal}
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Lepton isolation requirements are based on the ratio of the scalar sum of the $\documentclass[12pt]{minimal}
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Jets are reconstructed from the PF candidates using the anti-$\documentclass[12pt]{minimal}
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In all categories, the simulation is found to describe the data well within the systematic uncertainties, indicated by the bands in the figures.Fig. 1Distributions of the transverse momentum (left) and pseudorapidity (right) of the leading (upper) and subleading (middle) leptons in the $\documentclass[12pt]{minimal}
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Event categories and fit procedure {#Sec4}
==================================

The measurement is performed using a template fit to multidifferential distributions, divided into distinct event categories using the $\documentclass[12pt]{minimal}
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The statistical uncertainty in the templates from simulation is taken into account by using pseudo-experiments. At each iteration, templates are varied within their statistical uncertainty. Templates created from different simulations are treated as statistically uncorrelated, while templates derived by varying weights in the simulation are treated as correlated. The template dependencies are rederived and the fit to data is repeated. Repeating this 30,000 times yields an approximately Gaussian distribution of the fitted value of the $\documentclass[12pt]{minimal}
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The input distributions to the fit are shown in Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}, where the data are compared to the signal and background distributions resulting from the fit to the data. In the top row, the number of events without additional non-$\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec5}
========================

The contributions from each source of systematic uncertainty are represented by nuisance parameters (see Sect. [4](#Sec4){ref-type="sec"}). For each uncertainty, the simulation is used to construct template histograms that describe the expected signal and background distributions for a given nuisance parameter variation. In the fit of the templates to the data, the best values for $\documentclass[12pt]{minimal}
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Most of the experimental uncertainties are determined from ancillary measurements in which data and simulation are compared and small corrections to the simulation, referred to as scale factors (SFs), are determined. To assess the impact of the uncertainty in these corrections, the SFs are varied within their uncertainty and the analysis is repeated.

The trigger efficiencies are determined using multiple independent methods, which show agreement within 0.3%. An additional statistical uncertainty arises because the SFs are determined from the data in intervals of $\documentclass[12pt]{minimal}
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The impact of the jet energy scale (JES) uncertainties is estimated by varying the jet momenta within the JES uncertainties, split into 18 contributions \[[@CR59]\]. To account for the jet energy resolution (JER), the SFs are varied within their $\documentclass[12pt]{minimal}
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The uncertainty in the modelling of the number of pileup events is obtained by changing the inelastic pp cross section, which is used to model the pileup in simulation, by ±4.6% \[[@CR48]\].

The integrated luminosity uncertainty is not included in the fit as a nuisance parameter, but treated as an external uncertainty. It is estimated to be 2.5% \[[@CR63]\].

The ME scale uncertainties for the simulation of the $\documentclass[12pt]{minimal}
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To estimate the uncertainty due to the NLO generator, the [powheg]{.smallcaps} $\documentclass[12pt]{minimal}
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The PDF uncertainty is estimated using the 28 orthogonal Hessian eigenvectors of the CT14 \[[@CR53]\] PDF, which are used as independent inputs to the fit.
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The uncertainty due to the matching of the ME to the PS in simulation is estimated by varying the $\documentclass[12pt]{minimal}
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                \begin{document}$$h_{\text {damp}}$$\end{document}$ parameter in [powheg]{.smallcaps}, as described in Ref. \[[@CR40]\]. The uncertainty due to the assumptions in the UE tune is estimated by varying the tuning parameters \[[@CR40]\]. The impact of the PS scale uncertainty is estimated by varying the initial-state radiation (ISR) and the final-state radiation (FSR) scales by a factor of two up and down \[[@CR41]\], similar to the case of renormalization and factorization scales.

The uncertainties due to the assumed $\documentclass[12pt]{minimal}
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The effects of colour reconnection (CR) processes on the top quark final state are estimated by enabling early resonance decays (ERD) in [pythia]{.smallcaps}. In the nominal sample, ERD are turned off. Alternative colour reconnection models are considered, such as "gluon move" \[[@CR72]\] and "QCD inspired" \[[@CR73]\], since they were found to potentially have relevant effects for the measurement of the top quark mass \[[@CR31]\].

For the uncertainties related to the background contributions, prior normalization uncertainties of 30% are assumed \[[@CR74]\]. The contributions of these uncertainties are small and/or strongly constrained in the fit. For the DY background, separate nuisance parameters are used for each $\documentclass[12pt]{minimal}
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In total, 103 uncertainty sources are used in the fit. In Fig. [7](#Fig7){ref-type="fig"}, the normalized pulls and constraints for the nuisance parameters related to the modelling uncertainties are shown. For each nuisance parameter, the normalized pull is defined as the difference between the best-fit and the input values, normalized to the pre-fit uncertainty, and the constraint is defined as the ratio of the post-fit to the pre-fit uncertainty. The vast majority of the nuisance parameters lie within one standard deviation of their priors, reflecting the good agreement of the nominal simulation with the data. Most $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ distribution of the top quark is softer than predicted by the simulation \[[@CR68], [@CR69]\].Fig. 7Normalized pulls and constraints of the nuisance parameters related to the modelling uncertainties for the cross section fit. The markers denote the fitted values, while the inner vertical bars represent the constraint and the outer vertical bars denote the additional uncertainty as determined from pseudo-experiments. The constraint is defined as the ratio of the post-fit uncertainty to the pre-fit uncertainty of a given nuisance parameter, while the normalized pull is the difference between the post-fit and the pre-fit values of the nuisance parameter normalized to its pre-fit uncertainty. The horizontal lines at $\documentclass[12pt]{minimal}
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Cross section measurement {#Sec6}
=========================

The visible cross section is defined for $\documentclass[12pt]{minimal}
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An independent cross section measurement is performed using a simple event-counting method and a more restrictive event selection, following closely the analysis of Ref. \[[@CR75]\]. The analysis uses events in the $\documentclass[12pt]{minimal}
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